arterial pCO2 in the very cases in which it is most required. This error does not occur if arterial CO2 tension is estimated by the rebreathing technique of Collier (1956) . A simplified technique applicable for routine ward use has been described by Campbell & Howell (1960) and this has proved perfectly satisfactory in all cases except those in whom the cardiac output is severely restricted. Oxygen: The degree of hypoxia present may be estimated by measurements of percentage arterial saturation or oxygen tension. Saturation may be measured by the time-consuming method of chemical analysis using the Van Slyke apparatus, or by transmission or reflection oximetry. Although an earpiece oximeter may be used for following rapid changes in oxygenation, and although an instrument is now available which provides fairly reliable estimates of absolute oxygen saturation, the errors introduced by movement of the earpiece and changes in capillary blood flow probably preclude the widespread use of such techniques in clinical practice. In general it is better to analyse discrete 2 ml samples in the laboratory.
The measurement of oxygen tension by the Riley technique is limited to the range 0-100 mmHg and a high degree of technical skill is required. The use of oxygen electrodes for measurement of tension is also fraught with difficulties. However, one or two of the commercially available electrodes now appear to be approaching a degree of reliability which is adequate for clinical use, but it must be remembered that blood nearly always reads lower than gas of the same tension and this blood-gas difference must always be determined before reliance is placed on the results. This correction factor varies with the hematocrit value and the range of oxygen tension being measured. It is probable that the oxygen tension measurements will largely displace measurements of saturation in the future, owing to the increased accuracy obtained in the range of 80-100% saturation. pH: The measurement of pH is of value in that it provides information concerning the nonrespiratory side of acid-base balance. If a patient arrives in hospital with a high pCO2, but a relatively normal pH it is likely that the pCO2 has been high for a long time and that the respiratory acidosis has been compensated by a non-respiratory alkalosis. On the other hand a high pCO2 and low pH with a normal base content would indicate an acute rise of pCO2. Such Severe blood loss reduces the circulating blood volume and may seriously impair the blood flow, and hence the transport of oxygen, to the tissues. The aim of transfusion is to maintain or restore adequate tissue perfusion during blood loss. We have previously shown that the circulation may be depressed by the toxic effects of stored blood (Burton & Holderness 1964) . Measurements made during massive transfusion should, therefore, be able to indicate both the adequacy of blood replacement and the onset or degree of circulatory depression.
The combined measurements of arterial and venous pressures usually give a reliable indication of these two factors, and they may readily be obtained by means of simple apparatus. Venous prcs-,ure can be measured by means of a simple saline manometer. A very slow, or intermittent, infusion of saline through one arm of a Y-piece maintains patency of the cannula. Aspiration of air, caused by a high negative intrathoracic pressure, is prevented by a deep U-bend in the manometer tubing. In view of the relatively low pressures which are to be measured and the large volume displacement associated with this type of manometer, it is advisable to use a large cannula. Using a modification of the technique described by , we have found it possible to insert a 2-76 mm diameter (size 8 FG) nylon cannula via an arm vein. To do this, a 2-8 mm diameter (12 BWG) needle is introduced through the skin into a prominent vein. A 'leader' is inserted through the needle and passed a short distance up the vein; for this purpose, we have used a length of stainless steel varicose vein stripper wire (diameter 1-43 mm) which has the ends brazed and rounded off. The needle is then withdrawn over the wire and replaced by the nylon cannula, following which the wire is withdrawn. The cannula is connected to the manometer system and placed so that its tip lies in a large unobstructed vein, e.g. subclavian (Gauer & Sieker 1956 ). This procedure can usually be completed in less than four minutes. Arterial pressure: It is usually adequate to measure the arterial pressure intermittently by sphygmomanometer or similar device. If continuous monitoring is required, the mean pressure can be obtained by a mercury manometer, in a system similar to that used for the measurement of venous pressure. Using the dithizone extraction method, we have been unable to detect the presence of mercury in saline or chlorhexidine solutions, even after prolonged contact and agitation. The limit of detection using this method is approximately 5 ppm; the use of mercury in a manometer cannot, therefore, produce toxic effects. Radial artery cannulation appears to be safe, provided that there is an adequate ulnar arterial supply to the hand. This can be demonstrated by digital compression of the radial artery and observation of the capillary refill to the fingers. mm Hg mEq 11. mm Hg cm Saline nllmin A reduction in the circulating blood volume is shown first by a fall in the venous pressure, followed by a fall in arterial pressure. Adequate replacement is indicated by a return to normal of both pressures. Fig 1 shows a comparison of the effects upon arterial and venous pressures of the separate infusions of similar volumes of saline, and acidcitrate-dextrose (ACD) solution used for preserving blood. An increase in the circulating blood volume, associated with the infusion of 480 ml saline, gave a temporary rise in the venous pressure with little change in the arterial pressure. After an interval of about half an hour, 480 ml ACD solution (the amount contained in four bottles of blood) was given over a period of seven minutes. During the infusion, circulatory depression, almost certainly myocardial, produced a marked fall in the arterial pressure coupled with a rise in the venous pressure.
Toxic Effects ofStored Blood
The myocardial depression caused by citrate can usually be reversed by the administration of calcium (Firt & Hejhal 1957 , Bunker et al. 1962 . In this case, it may be seen that following the injection of 20 ml of 10% calcium gluconate, the arterial pressure rapidly returned to normal, and the venous pressure to the same level to which it had risen during the infusion of saline. When stored blood is rapidly transfused, depression of the myocardium is similarly shown by a raised by kindpermission) TIME. Min venous pressure accompanied by a low arterial pressure (Burton & Holdemess 1964) . The toxic effects of citrate upon the heart can usually be prevented by giving 5-10 ml of a 10% solution of calcium gluconate for each bottle of blood which is rapidly transfused.
Adequacy ofTissue Perfusion
Arterial pressure alone does not indicate the adequacy of tissue perfusion. It represents the balance between cardiac output and peripheral resistance of the vascular bed.
The adequacy of cerebral perfusion may be shown by the EEG, which can only be normal if there is an adequate supply of oxygen to the brain. If the supply is inadequate, there is an increase in slow wave activity, leading to flattening of the EEG.
During periods of reduced cardiac output, an indication of the reduction in tissue perfusion can be obtained from measurements of the expired carbon dioxide tension. The alveolar pCO2 is related to the ratio between the rate of removal of carbon dioxide and the alveolar ventilation. When a patient is ventilated using a high tidal volume (i.e. in the region of one litre), we have found that measurements of the end-tidal pCO2 closely approximate to the alveolar level, provided that pulmonary and cardiac function are normal. Therefore, when the alveolar ventilation is kept constant, the amount of carbon dioxide being transported from the tissues to the lungs is indicated by the end-tidal pCO2. A reduction in tissue perfusion is accompanied both by a reduction in the transport of carbon dioxide from the tissues to the lungs and a reduction in the transport of oxygen from the lungs to the tissues. It is shown by a fall in the end-tidal pCO2, which can readily be monitored, e.g. by infra-red gas analysis. We have found this to be a useful indication of changes in tissue perfusion.
Similar changes in end-tidal pCO2 may be produced by a right-to-left cardiac shunt. A diminution in the pulmonary capillary blood flow reduces the transport of carbon dioxide to the alveoli; due to the shunt, a low alveolar pCO2 may accompany a raised arterial pCO2. Even if the cardiac output is maintained at a normal level, the diminished oxygen content of the arterial blood reduces the transport of oxygen to the tissues. Therefore, a severe reduction in pulmonary perfusion, whether it is caused by diminished tissue perfusion or intracardiac shunt, leads to a marked fall in the end-tidal PCO2 coupled with a restriction in the supply of oxygen to the tissues.
The tracings shown in Fig 2 were taken during a period of reduction in cardiac output, and an increase in right-to-left shunt, caused by cardiac manipulation in a boy aged 9 years, operated upon for tetralogy of Fallot. The upper tracing shows changes in the expired pCO2, measured by infrared gas analysis (read from right to left). The shaded blocks beneath (labelled A to H) refer to the periods during which the corresponding recordings of EEG and ECG were taken (read from left to right). The control recording of EEG and ECG was taken at an earlier stage of the operation. The mean arterial pressures were measured by mercury manometer.
During manipulation of the heart, cardiac output was impaired for a period of just under four minutes (between A and G), and was accompanied by a marked fall in the end-tidal PCO2 from about 37 to 23 mmHg. This indicated a severe reduction in tissue oxygen supply; the effects upon the brain are shown by the appearance of an anoxic pattern in the EEG. At E there was a transient remission, associated with a rise in end-tidal pCO2 and improvement in EEG. Immediately after the period of reduced cardiac output, there was a temporary rise in the endtidal pCO2 due to wash-out of the carbon dioxide which had accumulated in the tissues.
Changes in Acid-base State When there is no reduction in tissue perfusion, the metabolic acidosis caused by the administration of exogenous acid, such as acid-citrate, is rapidly corrected by metabolism. This is similar to the rapid correction, during the period of recovery, of the metabolic acidosis which is produced during vigorous exercise. The administration of 500 ml of ACD solution (the amount contained in four pints of blood) is accompanied by both a metabolic acidosis (fall in base excess) and a respiratory acidosis (rise in pCO2) caused by the reaction between the acid-citrate and the bicarbonate in the blood (Fig 1) . The citrate is then rapidly metabolized, so releasing sodium ions and producing a metabolic alkalosis.
During anesthesia, employing controlled ventilation in patients in whom tissue perfusion is reduced, the use of a minute volume which would be suitable for a fit person may produce a fall in the arterial pCO2 to very low levels. The resulting vasoconstriction may further reduce tissue perfusion; this may increase the release into the circulation of acid metabolites caused by an inadequate supply of oxygen to the tissues. Monitoring the end-tidal pCO2 permits the maintenance of a normal arterial pCO2, either by regulation of the ventilation volume or (where a circle system is used) by variation in the proportion of the expired gas which is passed through the absorber. The maintenance of a normal arterial pCO2 appears to promote the metabolism both of added exogenous acid and of that which ., mean arterial pressure, EEG and ECG during cardiac manipulation in a boy aged 9 years, operated upon for tetralogy of Fallot. The upper tracing (expiredpCO2) shouild be readfrom right to left may have been endogenously produced. Under these conditions, measurements of the metabolic state of the blood have usually confirmed the rapid removal of acid. If, however, the acidosis is itself causing circulatory depression, as shown by low arterial and high venous pressures, it must be treated by the administration of alkali, e.g. sodium bicarbonate.
Summary
Measurements of the arterial and venous pressures indicate the balance between blood loss and replacement, and give warning of the onset of circulatQry depression.
Measurements of the expired PCO2 give an indication of any sudden reduction in tissue perfusion, and also permit the arterial pCO2 to be maintained within normal physiological limits.
Measurements of the acid-base state of the blood indicate the severity of an acidosis and show the effectiveness of its treatment.
